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1. INTRODUCTION

The following report describes results of the first year's work on
a research program directed to the behavior of submarine steels when welded
under conditions of hindered thermal contraction,

The principel objectives of the investigation have been to meke quanti-
tative or sel-quantiteative assessments of procedural and compositional
fectors in the development of resgidual stresses or cracking in or near welds
cooling while subjected to external restraint, the external restraining

apparatus being so 1nstrumentedl'2

as to give continuous information on
the magnitudes of bending moment and separating force to which the welds
are subjected, It should be noted many of the interesting responses exhi-
bited by materials in the HY-80 category occur long after the weld has
cooled to embient temperature; this report might well have been entitled
"Delayed Mechanical Responses 61’ Welds Subjected to Hindered Contraction".
A further objective has beento refine and compare different types of
instrumented restrain’ng apparatus to the end of developing the most
sensitive and meaningful tests possible for evaluating and comparing
materials and procedures from the standjoints of how they influence
stress buildup and cracking.

The principel variables which entered into the experimentel program
were: arc energy input, plate composition, filler metal composition,
the presence or sbsence of a bending moment in the geometry of the restraint,

the initial heat trestment of the plate, multi-pass welding procedures, and

velding process (MIG or submerged arc). In addition, there was some study




of the effects of immediate post weld heat treatment. Also, plate thickness
may be listed as & variable, since more than one thickness was involved.

In addition to making essentially mechanical observations of contraction
forces, enocugh thermal data on weld cooling rates and peak temperature dis-
tributions were collected to establish the heat flow conditions associated
with sll experimental welds. The investigation also included metellographic
study of weld metsl ®nd the immediate weld heat affected zome, but correla-

‘ions with mecheanical behavior have, to date, proven negative.

IX. APPARATUS

Three different sets of apparatus have been used to study hindered con-
traction under different geometriéa and magnitudes of restraint; a horigontal
lever arm shown in Figure 1, a fixed end U-bar shown in Figure 2, and a
pinned end U-ber shown in Figure 3. Of the three apparatus the horizontal
lever arm hag the lowest overall stiffness. Through the use and l:acation
of pivet pins, it is possible with the horizontal lever arm to impose any
desired ratio of transverse bending moment to seperating force on the
specimen weld, and it is also possible to restrain welds in the absence
of a transyerse bending moment. A movable fulcrum on the horizontal lever
arm permits a wide degree of adjustability in the elastic stiffness of the
i‘eltrlining system.

The fixed end U-bar accords moderately high restratnts, and has the
virtue of no mechanical linkages between the test weld and the stress
measuring part of the system. However, the ratio of transverse bending -

moment to separating force is a nomadjustable feature of the fixed end




U-bar. The U-bar ia an outgrowth of the keyhole plate used in earlier
studiesl, vhich was in turn a modification of the NRL slotted plate crack
susceptibility test specimen; the U-bar has several signal advantagea

over the keyhole plate, including far more precise enalytical interpretation
of results, the poisibility of using prehcat, lower machining cost per
specimen, and amenability to the use of run-on and run-off tabs.

The pinned end U-bar affords the advantage of restraining the test
weld in the sbaence of a bending moment; however, the elaatic stiffneaa
of the system is fixed.

The types of test apecimens used on the horizontal lever arm and
pinned end U-bar are shown in Figures U4 and 5, one of whioch (Figure 5)
causes a bending moment aa well as a separating force to be imposed upon
the weld. The weld apecimen used on the fixed end U-bar is shown aa
mounte’. in Figure 2. In the horigontal lever arm apparatus and piamed-
end U-bar, the apecimen plates are affixed to the ends of the arms by
means of hardened steel pivot pins of 0.5 inch diameter, an arrangement
vwhick rendera the bending moment imposed on the weld fully determinant,

On the fixed end U-bar, the apesimen platea mugt be welded into position
for each run; after completion of the test, the speecimens are flame cut
from the U-ber which can be calibrated and used for a large number of runs.
Welded connections have been used to minimize backlesh in mechamical joinmts;
on the fixed end U-bar apparatus, the suxiliary structursl velds are
located snd dimensioned so that there is no hezard of yielding or craeking

in any but the test weld location.




All three gets of restraining apparatus were calibrated on a tensile
testing machine. An analysis of the U-bar as & curved besms, checked by
calibration, (Figure 6) has led to the following equations for separating
force, F, and bending moment, M, acting at the location where the straight

and curved gections are tangent:

o.z>865$1 - o..56as°

F o= =358

s (1)

2.72s ) - 'o.gssi
Fhe 0.2398

I )

vwhere
S, = the absolute magnitude of the compressive stress measured
at the inside strain gage location, psi.
S. = the absolute magnitude of the tensile stress measured at
the outside strain gage location, psi.
Using theece equations, the appiied bending moment and separsting force at
any instant during or afier welding can immediately be Aetermined from
pertinent strain gage readings. With the U-bar apperatus, the relation-
ship between seperating force and bending moment, as reflected in
Equations (1) eand (2), is essentially more complicated than with the
horizontal lever machine. With the horizontal lever machine, if the
specimen is designed to produce a bendipg moment, its magnitude is simply
the separating force times the moment arm.
In this investigation, most of the work was deme using the fixed end

and the pimned end U-bar, because this imposes the severest restraint;




even g0, it was only possible to induce cracking using rather extreme welding
procedures. The lever arm apparstus was only used to study the effects of
post-heat, for vhich it is ideally suvited. The pinned end U-bar was used

in this investigation only when it wus desired that no bending moment be
imposed on the weld by external resiraint; accordingly, only the specimen
design shown in Figure L4 was used with the pinned end U-bar.

In the graphical presentation of data, only the separating force is
plotted as a function of time after completion of the veld. Graphs showing
the bending moment (imposed by the fixed end U-bar) have not provided any
useful uiditioml information, and so are not presented in this report.

So far, the only thing which seems significant is whether or not a large
bending moment is present as pert of ‘the ;-estraint, because only in the presence

of a bending moment is cracking ever observed.

III. THERMAL RELATIONSHIPS IN EINDERED CONTRACTION

The cooling of a weld under hindered contraction must be considered from
two distinctily different points of view. The rate with which the weld and
immediate heat-affected zone cool, establighes how rapidly the weld can become
strong enugh to sustain an elastic load. In addition, the weld cooling rate
influences metallurgical structure and strength and thereby the maximm load
vhich the wveld can be expected to sustaim elsatically at room temperature,

The centerline eooling rate depemds primarily upon eonduction of the heat
imto the surrounding cold metal plate, amd is little influemced LDy eoxveetiom

or rallation heat transfer from the plate to the air. On the other hamd, the
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overall rate with which the entire specimen loses hest to the surroundings
establishes the rate of total solid contraction on the part of the plate being
welded, snd is therefore an essential part of the loading mechanism involved.‘
This overall loss of heat from the plate takes plece primarily by comvection
and rasdistion to the surroundings. (Redistribution of hest within the plate
does not effect important dimensional changes; it is mainly the hest that
escapes entirely from the plate whick is reflected in gross solid contraction.)

These concomitant and related cooling rates may, in a sense, be regarded
ss competitive. For example, if the centerline cooling rate were large snd
the overal. rate of heat loss quite small, tlie hottest part of the weld would
acquire strength before most of the load was spplied, plastic strain would be
minimized, and shrinkage distortion effeets gquite large. If, on the other
band, the centerline cooling rate is low, as with high preheat, and solid
contraction effectc meske theaselves felt vhile the weld metal is still very
hot, substantiel plastic flow obtains, and net shrinkage is relatively low,
Thus, thermo-mechanical effects depend fundamentally upon the rate of overall
eooling aa complred to the rate of ecenterline cooling in the subject weld.

It is poasible to make a direct mathematical qon;parison between the center-
line cooling rate of the weld and the oversll rate of heat transmission
to the surroundings. There is cne specisl case vhieh can be analyzed quite
simply to show the effects of weld variables on these two different cooling
retes. Conaider the imstant at which the weld metal has jJust become
eompletely solid; the weld centerlime is cooling at a rate vhich, for the

ecnditions of this investigatiom, is aceurstely expressed byu:




2 3
%-a:xpcp (y-q—*'-) (7, - T,) A )

e K = thermal somductivity of the metsl
p = density of the metal
C_ = speeific heat of the n-lal
V = veloeity of arc travel
t+ = thickness of plate
= arc power
= melting point of the metal

q
Tn
T° = the initiel temperatur: of the metal
&

=" centerlime cooling rate

Using ressomable valuer for the thermal properties of steel, s dimen-

siomal equation giving the ecolimg rate in OF/sec is:

2 3
(T'!o) oooo.o.(u)

sla
8
°|3

vhere @/V is in Joules/ineh, the plate thiekmess, t, in inches, amd

texperatures in °OF,

The tramsverse shrinkage experieneed by the weld depends on the thermal
ecoffieient of solid comtraetion, G, and the eeeffisient of heat tramsfer,h,
from the surface of the coolimg weldmenmt to the surroundings, in sddition
te the cthe: thermsl variables identified above. The kiaetics of trams-

~

verse shrinksge eam be expressed im either of two vays. Equation (4), below,

Bl v
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gives the net trensverse shrinkage, W, and Equation (5) the rate of shrinkage,

%’, as a funtion of time, 0, after completion of the weld. Strictly speak-

ing, these equations pertaim to a relatively short veld, in vhieh longitudinal

shriaksge has little effect, and which is free to undergo lateral thermel

contraction; there ies mo external restraint.

_ 2h 9
C.
w-%' pc t l-e ppt e o s (h)
i
§ _ _2h6
i o 2h a oC_t
f?r ﬁ-%— p?p-?r— e P ...-(S)

Tze exponentisl form of Equation (5) properly suggests that the rate

of shrinkage is the greatest immediately after completion of the weld. Of
course, the total shrinkage reaches its maximum value long after completion
of the weld, when the metal has cooled to ambient temperature. Equations (6)
and (7) shovw the values st these extremes. Equation (6 gives the maximum
total transverse shrimkage aad Equation (7) gives the maximum (initial)

rate of shrinkage « .pertemced by the weld.

W= () a e e @ (B)

(vhen © is large)

g_.(-%-) .{?‘%)2 C e e e e (7)

(vhen @ is zerc)
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Exyressing these in dimemsiomal form:

. lws’i,‘g/o,“;go (inches) . . ... .. (6A)
2
% = l’é?“{’v(tn)) (ina/hr) ¢ s e o e o o (TA)

] vhere, sgeim, are emergy imput is in Joules/imch, and plate thickmess in
inehes.

If, jastead of being free 1o comtraet, the plates are completely restrain-
ed, it 10 possible to express the sversge tramgverse streass developed im the
1 veld. Equatien (8) gives the maxismum transverse stress which eould posaibly

T

be developed in a restraimed weld, The oversall transverse wiéth of the
veldnent, W, might also be regarded as the separating bewteen the clamps of &
perfectly immovatle restraiming fixture. The nximﬁn stress would only be
reslized if all the thermal straia . -re elastie. The symbol, t', refers to
the depth of the mimimum load-carryimg section in the weld, whieh in general
will be smaller tham t, the plate thickmess. These equations pertaim omly

to the first of several passes used im producing a jJoint.

s = (- EE‘:_{L" o - e m e e (8)

vhere
S = traasverse stress ia the weld metal

¥ = modulus of elasticity

"
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Expressing Equation (8) dimemsionally:

S-6V_%'-_W .......(GA)

The rate of stress buildup in the weld, % is in scme ways even
more imteresting tham the total maximum stress which ean be developed, aad

this 1s given by:

sle

q 2ha E
Sl oo o o (B)
v (pCp)2 "

Expressing Equation (9) dimensionally:

_i:%. 0,3 v___%,_q_tv el B oy

wvhere
2
S is im 1bs/imeh” min,

In Equations (3A), (6A), (TA), (8A), and (QA) the numerical values
which can be used to evaluate the eonstants are listed in Tuble V.

The load carryimg sectiom of the weld, represemted by t', can be measured
or estimated froma the weld arc energy imput using the following approximate
relationships:

t' - 1 60° imeluded 5
P O e,

1l
t' = 306 + (30° imcluded angle,
20 first pass) S (153




The msin purpose im presenting these mathematical expressions is to show
that the operating variables which influence both the centerline cooling rate
snd the overall shrinkage rate have generally opposite effects. Thus a high
arc energy input tends to reduce the centerline cooling rate but inereases
the rate of tramsverse shrinkage, Decreasing the plate thickness exerts the
same tvo effects.

r The effect of pre-heat is somewhat more complicated. If both the re-
straining fixture and the weldmemt are uniformly pre-heated to some elevated
;-. temperature, there will be shrinkage of both the weldment and of the restrain-
ing fixture, simce both sre losing heat to the environmeht. There will still
be stresses developed in the weld, beecause it has excess heat to lose to the
surroundings. . Since the effect of pre-heat is to reduce the centerline
cooling rate of the weld (Equation (1)), the effect will be to favor plastic
deformation of the weld and thereby reduce stress or distortioa. If, on the
other hand, only the weld is pre-heated and the restraining fixture remsins
of fixed dimemsions, pre-heat contributes to the total thermsl econtraction
load the weldment imposes upon itself, and the effect can be to imcrease the
stress or distortion resulting from welding.

Thus all of the important thermal variables of welding have opposing
Influences op shrinkage ;ate and centerlime cooling rate, Fimally, it should
be noted that envirommental comditions imfluence the magaitude of h, the surface
coefficient of heat trsmsfer, which haa a direet bearing on the transverse
shrinkage rate but no important effect om the centerlime coelimg rate. For
example, uader the same comditions of arc emergy imput, plate thickness,
and pre-heat, the submerged are process differs from the MIQ. process im that
; surface heat tramsfer and therefore tramsverae shrinkage is less with the

submerged are because of the imsulating character of the slag covering.

ke




Because of this, the two processes exhibit different rates and magnitudes

of self-impesed loading under conditiers of himdered contraction.

IV. EXPERIMERTAL CONDITIONS

The resulte eported herein pertaim mostly to single pass arc welds
deposited in 1/2 inch, and 1 inch HY-80 steel plates using MIG and sub-
merged arc welding procedures, Three different heats of HY-80 were used,
having slightly differing chemistries, hardemsbility, amd (presumably)
susceptibility to weld cracking., Two different filler wires were used.
Plate and filler compesitions are presexted in Table I. All welding
wvas fully automatic and the summary of welding conditions is presented
in Table II. The combinations of voltage, amperage, wire dismeter, and
series inductance which were used with the MIG process resulted in a
relatively short arc length with fairly insensitive response, a set of
circumstances which was found to produce the most regular p. ‘etration
and weld bead contour. The conditions actually approached without quite
reaching short circuiting arc operatiom. Two joint geometries were used:
60° included angle, single Vee, 1/16 inch root opening, for the 1/2 inch
plate; 30° included amgle, double Vee, 1/16 imch root opening, for the
1 imch plate.

Heats A and X were received in the heat treated condition while heat
P wvas received as hot reolled plate. The hot relled plate was austenitized
at 1650°F for ome hour, water quenched, tempered at 1275°F for ome howr,
and vater queached. The mechaniesl properties of the plates are shova im

Table III.




V. SPECIAL THERMAL STUDIES

During seversl of the cracking experiments, peak temperatures amd
critical eooling retes experienced durimg ws_elding wvere eestablished using
experimental techmiques previously developed. 5,6

Tempesature measurements vere made by means of platinmum-plctimum 109
rhedium thermocouples, pereussively welded to surface iocations. Surfsce
temperature measuremeats made by pereussive weld thermocouples are im error
Ly amounts which depead om the dismeters of the thermocouple wires, if the
thermocouple is larger than 0.020 imch dismeter. Using thermocouple wires
heavier tham this results im low readings because of comduction losses alomg
the thermeceuple leads. With wire diameters smaller tham 0.020 imch,
tempersture measurements are imdepemdext of wire diameter, amd are presumed
corr;ct. In this investigation, thermecouple leads were 0.005 imch im
diameter, and the leads wvere imdepeadently welded te the plate surface
losation of imterest, such that the thermecouple becd was im fact compesed
of steel regidimg in the plate surface.

Surfuce temperature messurements have been correlated with ebserva-
tions ef macrostrueture amd microstructure. Determinations were made of
the peak tempersture associated with the outermost etehing boundary ia
HY-80, which was defimitely established as 1300 ¥ 30°F. This observatiom
prevailed for welds embreeing a tem-fold remge of coelimg retes. With
tkis piece of imfertmtien, welds im HY-80 ean be thermally "diasgmosed”
by measuriag the extemt of the heat-affected zeome.

The maerestructure asseaiated with this 1300°F peak temperature

experienced is showa in Figures 7 amd 8, for HY-80 at 100 and 500
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magnifications. The tramsition zone is associated with the lewer critical,
and comsists of a diapersion of martensite or very fimee pearlite (depending
or the coolimg rate) im a matrix of substantially unsltered base material,
Correlations of weld metal structure with arc emergy input for mamy

alleys (other than steel) have shown that demdrits wrm spacimg is inversely
propertionsl to the square root ef arc emergy input. Attempts to perferm
this type of correlation ef demdrite structures im HY-80 have met with the
di_-ffioulty that solid state transformations generally obscure dendrite

patterns. However, umder certain coenditions dendrite patterns such as that

shown ia Figure 9 sar be reselved at locatiems near the fusien boundary,
vhich is the srea of most imterest with respeet to delayed cold ersckimg.
For some reason the deadrite patterm mear the center of the weld is
completely ebscurred by a Widmamstatter type transformation, the cearse-
| aess of vhieh also varies directly with ara energy imput (imversely with
' solidification rate). The way in which the demdrite spacing varies with
are emergy imput mear the fusicn beundery is shown im Figure 10; this
linear correlstion cemforms with that earlier observed with aluminum-,

copper-, and miskel-rich alloy:.7’ s

An umderstanding of these relat.on-
ships and the ability te measure the demdrite spacing at the fusien
boundary may lead, through further study, te establishment of relatien-
ships among dendrite spacing, dimemsiens of the heat-affected gome, arc
emergy imput, and delayed cracking of welds subjected te hindered coxtrea-

ti‘.




VI. EFFECT OF PROCESS VARIABLES ON REACTION LOADS AND CRACKING

P

The data on the development nf tramsverse resction loads and moments
end the imcidence of eracking for all comditioms studied in this inves-
tigation, er-e summarized grephically in Figures 11 through 25. All the
curves are transcribed and calculated from continuous strip chart receris
of strain gage output.

In reoding the curves of separsting force or bending moment vs. time,

the following ground rules are important:

(1) Unless otherwise designated, all éeterminations are for simgle-
pess welds, which are so deposited as to represent the first pass in a
multi-pess welding procedure. In these cases, the weld deposit is sub-

stantislly smaller in load carrying section than the surroundimg plate.

(2) The convention used throughout is that positive separating
force reflects net temsion trsmsverse to the weld. A negative separating

force implies compressien.

(3) The apparatus was sensitive enough to determine irregulorities
in the development of transverse loads and beading momeats. Since these
irregularities are themselves of some imterest, the curves have beenr
drava 8s faithful representatives ef the origimel data with any "wiggles"
left in, Both yielding ead crecking sre phememena wh!l:h tend te take

place discontimueusly.

() Over the eeurse of the imvestigetiem it was learmed that the

strain recerders gave very delicate imdicetioas of creckimg. Crackimg
alvays imitieted st the emd of the weld mesrest the restreiming fixture,
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Crasking was mever detected metallographicelly in eny specimen in which
it was met alse detected by the streim recerder, C(Cracking is imdiceted
9n the curves by small arrows labeled "craek ebserved”, which imdicete
the instunt st which crackimg was first ebserved either em the straia

recorder or optiecelly. Usually the twe observations ceimecided.

(5) Im all but ome cese the ceerdimates of the graphs are secparsting
foree axd time after fimish of weldimg. The ome exceptiem (Figure 21)
shows the teading mement, actimg et the cemter of the weld, as a fumctiem

of time after finish of welding.

V1I. CONCLUSIONS

(1) With these steels emd filler materisls, higher arc emergy imput
per pass is gemerally asseciated with higher separating ferce. This is
almost alvays true of the maximum separating ferce experiemced, emd, with
few exceptioms, is alse true of the fimal steady separetimg force, (Figures
11, 12, 16 end 19). This relatiemship betweem separatimg force and urc
emergy imput is gemerally true ef the plairn earbeam er relatively lew
streagth hardemsble steels, vhatever the welding precesgs. With higher
carben hardemadble cempesitiems, the reserve is semetimea observed, because
for these matarials the effeet of aooling rete may evervhelm the effeet

of the size of the weld depeait.

(2) With lew emergy simgle pase welds, the separating ferce may
aetually be megative (eompressive), particulsrly vhem the weld is
depesited under esnditions of restraimt which do mot impese a bemdimg

mement (pinned end U-ber). This is imterpreted te meen that plastie
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defermation precedes the expamsien effects asseciated with tramsfermatien

of austenite (Figures 12 sxd 13).

(3) Lew emergy simgle pass submerged sre welds exhibit a remarkable
raduetion ia separating ferece at times leag after cempletiem of welding
(Figures 18, 19, 22 and 24). This effect was ebserved fer all three plate
compesitions. All submerged are weldimg ia this pregrsm wvas deme with
filler A, se it hes met yet beenm established whether this is eharacteristie
of the filler, the preeess, or the combimatien. Hewever, this very
dalayed reduetion in separating feree was net ebserved yith the MIG precess

using either filler,

(4) As has beenm ebserved vith ether hardemadble steels, craeking is
genereily favered by extremely lew ara emergy imput, amd the lewer the
are emergy imput, the lesa the time delay asseciated vith crackimg (Figures
14 and 15). Under eenditioms of autematic weldimg, usimg rum-em amd rum-eff
tads se that me ersters vere presext within the stress field, it ves feumd
exceedingly difficult te imduce erackimg with the filler and plate
coupegitions used in thia ixvestigatien. Furthermere, cracking wag never
repid or catastrepic emeugh te be audible or te reflect majur abrupt chamges
ia ebaerved reaction leads. Sepereating ferese coxtinues te imereasc after
the imitiation of ersekimg. Observatieas ef crackiamg were limited te
Heat P. It veaa met feund pessible, even with extremely lew ara emergy imputs,

te induce eracking im either Heat A or Heat X.
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(5) The effeets of varistiems im multi-pess welding precedures were
as expeeted. Inereasing the are emergy in>ut per pass gemerally results
in higher seperatimg ferces, amd imcressing the time delay between passes
alse imcreases separating ferces. This alse parallels esrlier ebaervas-
tiens mede with other hardeable steela.2 During the setual depesitioen
of a weld pass, there is seme relief of reactieam leads impssed by earlier
passes, becsuse of memetary expamsion and stress relief accemplished by
the arc heat, but there is s cemmulative effect im that each weld pass

adds te the fimal tetal reductien lead.

(6) The delayed reductiem im separatimg ferce, which seems peculisrly
agsecisted with the submerged srec precess, has net been ebserved with high
energy single pess depesits, but is marked with high emergy multi-pass
depesits (Figure 20). The effect is by me meaas small; Figure 20 shews
s reduction ia separating ferce the order of 13 tems acting em a load-
earrying cress sectiem of weld metal vhich was slightly greater tham eme

square imeh.

(7) Gemerally, the shape of the Dending mement vs. time curve clesely
parsllels the correspending greph of separating ferce, for which reasem the
bending mement curves have net been inmeluded iam this repert. Hewever, there
are imteresting effests en the bending mement meted vith multi-pass
precedures ss shewa im Figure 21. During actusl depesition of s weld pass
(other tham the first) there is urmlly s feirly abrupt deereasge inm
separeting feree (Figure 20) espeeially with high mergy passes, and &
simultaneei's wementary imeresse im bending mement (Figure 21). This refleets
the msmextery nem-uniferm hest distridbutiean and lecel perturbatiem of thermal

streia vhi:h is develeped durimg velding, aad vhieh quickly dissipates vhen




the heat supply ceases.

(8) Plate compesition hes a fairly small effect em separatiang force
(Figure 22). As expected, at lew emergy imput, the mere hardemable
Plate gives a higher separating ferce, but with higher emergy imput, there
is me signifieant differemce (Figwes 22 and 23). There is evea a variatiea
of plate thickmess rofleeted im Figure 23; Heat A was 1 imch thick amd

Heats P and X were 1/2 inch thiek.

(9) Immediate lesal application of pest-heat delayed the development
of aeparsting feree but dees met reduce its magaitude (Figure 25). 1Ia
fact separating foree is imcreased. This is im sharp cextrast te the

behavier of higher carbem hardemadble uteels.2

(10) Altheugh mere data are meeded te brimg abeut a cleae correlatiem
of thermal and mechenieal events, examimation of the graphs ia the light
of elsculstioms made using Equatiens (3A), (8a), smd (94), ,comclusively
indicate theat weld petal depesited under comditiems of restreint experiemces
aome plastic defermation immediately after the supply ef arc heat ceasea.
Usually there is a tramsitien frem plastic te elastia behavier duriang
eooling and the residual tremsverae aversge stresa is aemevhat leas tham

yield peint magnitude, but aeldem less tham 1/4 the yield stress.

(11) The diseentimuities reflected im many of the graphs are real amd
reflest irregular dimemsional changes in or mear the weld, many of vhiech
take plase leng after the weld has essapletely ceeled to reem tempersture,

Thease deloyed effects bear on the mgnitude of and time decpendamt ahanges




im residual stresses, sand therefere have an impertance vhich is semevhat

separate frem the question of weld cracking.

(12) The imitial cemditiem of heat treatmemt of am HY-80 cempesitien
evidently has very little te do with semarating feree or celd crackiag.
Heat A, vhieh was heat treated te 159,500 psi yield, behaved quite like

Heat P and X in mest respects.

(13) Weld metal stremgth imereases with decreasimng are emergy imput
(Teble V). Imereased srlidificatiem and selid state ceeling retes are
eonsidered respemsible. It is impertaat te mete relatively high stremgth
depesits, mede by multipass lew emergy submerged are, develep lever
(maximum) separating ferces thum de lever stremgth high emergy multipass

depesits.

(1%) Of the varieus restraimimg sppsrstus which have beem used ever
the past 8 years im this laberatery, fer medium stremgth hardemsble steels
the fixed eand U-dar appears superier by ressen of high semsitivity,
reprodueibility and cemveniemce. Alwe, the circumstamce of leading with
the fixed emd U-bar mere mearly approximates that eaeoumtered im practice

thar is the case with any of the devices invelving pimmed commections.
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TABLE IV

Assumed Values of Thermol
Censtants Used in Equetions

(34), (6A), (7A), (8A) amd (M)

Ceefficiont ef Expansiee, ¢,
Demsity s P
Speeific Heat » C’,
Beat Tremsfer Ceefficient
(average, steel te air,
ebserved in welding,
radietien + comveetion), 1,

Medulus ef Elastieity , E,

Thermal Cemductivity
(average, ebaerved s K

in wvelding)

A.7. .1.0'6 Or"l

0.27 Ib/1in3

0.14 BTU/1b OF

10 Bru/1t2 ar OF
30 . 1o6 I.b/m2

20 BTU/f% br OF
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Figure 2.

Fixed End U-bar Design
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Figure L.

Specimen Design for Pure Transverse Loeding
with Horizontal Lever Arms
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Figure 7. Microstructure of Location Having 1300PF Peak Temperature in HY-80
Magulfication: 100X Nital Etch

Figure 8. Microstructure of Location Having 1300°F Peak Temperature in HY-80
Magnification: 500X




Figure 9. Dendrite Microstructure of Weld Metal in HY-80 Near Fusion

Toundary
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